Objective: A variety of advanced biological therapies are available for the treatment of chronic wounds such as venous leg ulcers (VLUs), but real-world comparative effectiveness data that can help guide decisions around treatments are currently lacking. Approach: This analysis was designed to compare the effectiveness of a bioengineered living cellular construct (BLCC) to a cryopreserved cadaveric skin allograft (CCSA) for the treatment of VLUs. Treatment records were collected from a large wound care-specific electronic medical record database on 717 patients (799 VLUs) receiving treatment at 177 wound care centers. Ulcers ‡28 days duration, between ‡1 and < 40 cm 2 that closed £40% within the 28 days before treatment were included. Results: Patient baseline demographics and wound characteristics were comparable between groups. The median time to wound closure was 52% faster with BLCC compared with CCSA (15 weeks vs. 31 weeks). In addition, the proportion of wounds healed were significantly higher for BLCC by 12 weeks (42% vs. 24%) and 24 weeks (65% vs. 41%) ( p = 0.0002). Treatment with BLCC increased the probability of healing by 97% compared with CCSA (hazard ratio = 1.97 [95% confidence interval 1.39-2.79], p = 0.0002). Innovation: This is the first real-world comparative effectiveness analysis to evaluate BLCC and CCSA for the treatment of VLUs. Conclusion: Treatment with a bioengineered cellular technology significantly improved the incidence and speed of wound closure compared with a CCSA.
INTRODUCTION
Venous leg ulcers (VLUs), also referred to as venous stasis or venous insufficiency ulcers, are the most common type of chronic wound, accounting for 70% to 90% of lower-extremity ulcers. 1, 2 Approximately 600,000 individuals suffer from VLUs each year in the United States (US), and it has been estimated that 1% of adults will develop a VLU at some point in their lives. The average VLU can take 6 months to 1 year to heal, and half of patients will have unhealed wounds that extend beyond 1 year. 3, 4 Even following treatment and wound closure, a reported 72% of VLUs will recur within 5 years. 4 VLUs substantially reduce patient quality of life. They are often painful, adversely affecting mobility and sleep. [5] [6] [7] VLUs are directly associated with adverse events, serious adverse events, lost jobs, and lost time from work particularly in younger patients. 6 It has been estimated that VLUs cause the loss of 2 million working days per year in the United States. 8 VLUs cost US payers an estimated $14.9 billion per year for medical resource use and treatment costs. 9 Compression therapy remains the standard of care for VLUs, but is associated with poor healing rates. Up to 50% of VLUs remain unhealed at 6 months, 20% at 2 years, and *8% at 5 years. 10 Advanced treatment options, such as skin substitutes, can be effective adjunctive therapy to accelerate the wound healing process in nonhealing VLUs. The conditions for initiating advanced therapies in VLUs have not been definitely established. However, such therapies may be appropriate to use as part of the initial treatment regimen in patients with poor prognostic indicators, in particular, an ulcer size ‡10 cm 2 and an ulcer that has been present ‡12 months. 11, 12 Data also suggest that advanced therapies should be considered in VLUs that have not reduced in surface area by at least 40% following 4 weeks of good standard wound care with compression therapy. 13, 14 One skin substitute technology is a bioengineered living cellular construct (BLCC, Apligraf; Organogenesis Inc., Canton, MA). BLCC is a bioengineered living cell therapy that contains human neonatal keratinocytes and fibroblasts in an extracellular matrix (ECM) of bovine, human collagen, and other ECM proteins. It is one of only three skin substitute products approved by the Food and Drug Administration (FDA) as a ''wound treatment.'' In the United States, wound treatments are approved via the FDA premarket approval process, which mandates the most rigorous FDA review procedures, including approval of at least one pivotal clinical trial to support its indication. BLCC is FDA-approved for the treatment of both diabetic foot ulcers and VLUs, and currently, it is the only skin substitute approved for the treatment of VLUs. In a large, randomized clinical trial (RCT), BLCC (in conjunction with compression therapy) significantly increased the rate of complete wound closure and reduced the median time to VLU closure, compared with compression therapy alone. 15 Another skin substitute on the market is a cryopreserved cadaveric skin allograft (CCSA, TheraSkin; Soluble Systems, Newport News, VA). CCSA is a human skin allograft harvested from tissue donors within 24 h of death. It is processed with cleaning, hair removal, and meshing, and then exposed to antibiotics and reagents. The tissue is cryopreserved in an effort to retain the living cellular and extracellular components. 16 CCSA is marketed under Section 361 of the Public Health Services (PHS) Act as Human Cells, Tissues, and Cellular and Tissue-based Products (361 HCT/Ps). Under this regulatory pathway, CCSA is considered a ''wound covering'' and adheres to the standards set forth for the tissue bank industry. Furthermore, clinical data establishing efficacy or safety are not required.
Unlike the majority of skin substitutes, which are acellular, both BLCC and CCSA are described as biologically active products. Both contain living cells and are thought to accelerate the wound healing process by generating growth factors and cytokines. They differ in that BLCC is bioengineered with neonatal cells whereas the cells in CCSA are from cadaveric donated tissue. As a bioengineered product, the cells in BLCC are well characterized for purity and potency, and manufactured to ensure lotto-lot consistency. As a donated tissue product, CCSA contains the native cells from human skin but the properties of the tissue will be variable from donor-to-donor and depend on donor age, health, and location of harvested tissue. 17 
CLINICAL PROBLEM ADDRESSED
In today's healthcare environment, real-world studies are becoming more and more important to help guide decisions about treatments. Different from controlled clinical trials, real-world studies demonstrate the extent to which a treatment achieves its intended effect in the usual clinical setting. The purpose of the current study was to evaluate the comparative effectiveness in everyday practice of BLCC and CCSA for the treatment of VLUs, using data from an electronic medical record (EMR) database (WoundExpert; Net Health, Pittsburgh, PA) that is utilized by *90% of wound care facilities across the United States.
18 EMR databases enable assessments of comparative effectiveness of therapeutics in real-world settings and allow for inclusion of larger patient populations studied over longer periods of observation than in RCTs. 19, 20 
MATERIALS AND METHODS

Study design
This study retrospectively analyzes the comparative effectiveness of BLCC and CCSA treat-ment of VLUs between January 1, 2014 and March 31, 2015 from 177 wound care facilities across the United States. The wounds included in the analysis had not received treatment with skin substitute before 2014. Treatment period started with the first use of BLCC or CCSA. The primary analyses were the incidence (proportion or percentage) of VLUs achieving wound closure by weeks 12 and 24 and the median time to wound closure in each of the two treatment groups. Length and width measurements were used to determine wound area in cm 2 . As patients with healed wounds do not always followup, the final visit denoting VLU closure may not have been recorded; thus, wound closure was defined as an ulcer achieving an area £0.25 cm 2 .
Patients
Eligible patients must have received at least one treatment of either BLCC or CCSA on a venous ulcer (partial or full thickness) with the location coded as ankle, lower leg, shin, pretibial, or calf. Baseline wound areas must have been ‡1 cm 2 to <40 cm 2 , and the ulcer duration must have been longer than 28 days before first treatment with BLCC or CCSA. To ensure that VLU patients in the study had a history of being difficult to heal (refractory VLUs), wounds must have demonstrated a wound area reduction of no more than 40% at 28 days compared to baseline (before first treatment with BLCC or CCSA).
Patients were excluded if their VLUs had no baseline size measurements or follow-up area measurements. Patients were also excluded from the study if they received skin substitute treatment (Apligraf, Dermagraft, Oasis, Epifix, Primatrix, Theraskin, Grafix, Graftjacket) within 28 days or on the first day of BLCC or CCSA treatment. Censoring occurred for nonhealed wounds at their last visit with an area measurement, at the first visit where an alternate skin substitute product was applied, or at a visit >183 days after the previously recorded treatment with either BLCC or CCSA.
Data collection
Data were obtained from the WoundExpert EMR, which were de-identified and consistent with the terms and conditions of the Health Insurance Portability and Accountability Act of 1996 (HIPAA).
From January 1, 2014 to March 31, 2015 Net Health provided de-identified treatment records from 177 centers for any patient receiving at least one application of BLCC or CCSA.
Treatment records included patient demographics, including age (years £89 per HIPAA), race, and sex. Wound characteristics such as wound location, size, depth, and other treatments were also provided.
Statistical analysis
Descriptive data are expressed as mean (standard deviation) and median for continuous variables and n (%) for categorical variables. The level of p < 0.05 was used to determine statistical significance. Baseline characteristics were compared using two-sample t-tests for continuous variables and two-tailed Fisher's exact tests for difference in proportions between treatments. Missing covariates were imputed with the mean value of the treatment group. The primary analyses comparing incidence of and median time to wound closure were determined by Kaplan-Meier analysis with a two-tailed log-rank test. The last observation was carried forward for missing data. Cox proportional hazards regression analysis was used to estimate the percentage of VLUs with closure at weeks 12 and 24 and median time to heal. The frequency of wounds closed at weeks 12 and 24 and the median time to wound closure, hazard ratio with 95% confidence interval, and p-value were estimated from the Cox model with terms for treatment, baseline wound area, baseline wound duration, baseline wound depth, and patient age at first treatment.
RESULTS
All VLUs that received their first treatment with BLCC or CCSA between January 1, 2014 and March 31, 2015 at all participating Net Health centers were eligible for inclusion. A total of 688 wounds (608 patients) treated with BLCC and 111 wounds (109 patients) treated with CCSA met the eligibility requirements for inclusion in the analysis.
Baseline patient demographic characteristics are shown in Table 1 and baseline wound characteristics in Table 2 . Treatment groups were similar with respect to age, gender, and body mass index. Mean age was 69 to 70 years. Women represented a little more than half of the population, and the average body mass index was 33 kg/m 2 . There were statistically significant differences in the average number of wounds per patient, with BLCC-treated patients having more wounds per patient (mean 1.13 vs. 1.02 wounds per patient; p < 0.001). In addition, 11.3% of patients treated with BLCC had multiple wounds compared with 1.8% of patients treated with CCSA ( p = 0.001). Most patients had a single wound. There were no significant differences between treatment groups for baseline wound area, depth, duration, and location (Table 2) . At the first treatment application, the mean wound area was 10.2 and 9.5 cm 2 in the BLCC and CCSA treatment groups, respectively. The median wound duration was 4.1 and 6 months in the BLCC and CCSA treatment groups, respectively.
Treatment characteristics are shown in Table 3 . The average number of treatment applications received was similar between treatments, with a mean 2.8 treatment applications in both groups. However, the percentage of patients treated with a single application was significantly lower in the BLCC-treatment group compared with the CCSA treatment group ( p = 0.006). For patients receiving multiple applications, the median interval between applications was significantly longer with CCSA (21 days vs. 14 days; p = 0.001). There was no significant difference in the number of debridements at or within 28 days before initial treatment application. Treatment with hyperbaric oxygen (HBO) or negative-pressure wound therapy (NPWT) before or concurrent with BLCC or CCSA treatment was uncommon and comparable between treatment groups.
Cox proportional hazards regression analysis that adjusted for ulcer area, duration, depth, and patient age at first treatment showed that BLCC treatment significantly improved the median time to VLU wound closure by 52%, achieving the endpoint 16.2 weeks sooner than CCSA-treated patients (15.1 weeks for BLCC vs. 31.3 weeks for CCSA; p = 0.0002) (Fig. 1) . The estimated incidence of wound closure for BLCC compared with CCSA was significantly improved by week 12 (42.0% vs. 24.0%) and week 24 (65.0% vs. 41.4%) (Figs. 2 and  3) . BLCC treatment approximately doubled (97% increase) the probability of healing compared with CCSA (hazard ratio = 1.97 [95% confidence interval 1.39-2.79], p = 0.0002). Wound duration was reported in days and converted to months (30 days = 1 month). For continuous variables, the p-value is from a two-sided, two sample t-test, testing for a difference in means between treatments. For categorical variables, the p-value is from a two-sided Fisher's exact test testing for a difference in proportions between treatments.
BLCC, bioengineered living cellular construct; CCSA, cryopreserved cadaveric skin allograft; SD, standard deviation. 
DISCUSSION
To our knowledge, this is the first comparative effectiveness analysis to evaluate BLCC and CCSA for the treatment of VLUs. Notably, the VLUs in this analysis were refractory ''hard-to-heal'' VLUs. Wounds that closed >40% within the 28 days before treatment were excluded. This is consistent with current clinical practice where the use of this 4-week prognostic indicator has become widely adopted to help identify patients who may benefit from advanced wound care therapy, including skin substitutes. In our analysis, we found that use of BLCC closed significantly more VLUs in significantly less time compared with CCSA. Furthermore, BLCC nearly doubled the probability of healing compared with CCSA.
In clinical research, RCTs provide the least biased estimates of efficacy and are important to demonstrate that treatment works. RCTs are needed to obtain regulatory approval, and as such, often compare products being developed with placebo or conventional care rather than another available active treatment. However, results from RCTs may not always correspond to what is seen in real-world practice, where the treatment is applied to a broader range of patients and where there are often significant variations in clinical practice. 21 Effectiveness trials are designed to evaluate the actual usefulness of the treatment in routine clinical practice. In other words, efficacy answers the question, ''Can it work?'' and effectiveness answers the question, ''Does it work?'' when the product is used in real-world settings without the controls of a clinical trial. The evidence is generally considered strong when results are consistent between efficacy and effectiveness trials. 22, 23 We found the effectiveness results for BLCC in the current analysis to be supportive of the efficacy results from its pivotal trial in VLUs. 15 The pivotal trial for BLCC was a large, prospective, multicenter, randomized controlled trial. A total of 293 patients were randomized to BLCC plus compression therapy or compression therapy alone (control). By week 24, Falanga et al. reported that 63% of VLUs treated with BLCC healed (Note: data not reported at 12 weeks). 15 This is similar to the current analysis, which found that 65% of VLUs healed at 24 weeks with BLCC treatment. To date, there has not been a RCT conducted with CCSA to establish efficacy or safety in the treatment of VLUs; as a Section 361 HCT/P, FDA premarket review of clinical data is not required. A retrospective chart review of CCSA-treated wounds by Landsman et al. found that 61% of VLUs were healed by 12 weeks and 75% by 20 weeks with CCSA plus standard care therapy. 16 These results reflect a single center's experience with CCSA and were not limited to only hard-to-heal VLUs (those demonstrating <40% closure in the prior 28 days), which may, in part, explain the higher rates of closure compared with those reported in the current analysis. This is the second comparative effectiveness analysis of BLCC with another skin substitute for the treatment of VLUs, using the WoundExpert EMR database. In the first analysis, Marston et al. compared BLCC with porcine small intestine submucosa (SIS; Oasis, Healthpoint, Fort Worth, TX), an acellular wound dressing. 24 This was a larger study that included data from nearly 1,500 patients with about 1,800 refractory VLUs collected over a 3-year period. The frequency of VLU closure was significantly higher with BLCC compared with SIS ( p = 0.01). At 12 weeks, it was 31% with BLCC versus 26% with SIS; and at 24 weeks, it was 50% versus 41%, respectively. The wound closure rates reported by Marston et The Net Health database did not include costs related to wound care and outcomes; however, VLUrelated treatment costs are directly related to time to achieve complete wound closure. Rice et al. showed that patients with VLUs used significantly more medical resources and incurred more costs during a 12-month follow-up period compared with matched non-VLU patients. 9 In the Medicare population, patients with VLUs had 77.8% more hospitalization days, 50% more emergency department visits, 27% more outpatient office visits, and 60% more days of home healthcare. Total healthcare costs were $537 per week higher for patients with nonhealed VLUs compared with those whose ulcers healed. In the current analysis, the significant difference in time to healing for VLUs suggests that BLCC may provide significant cost savings compared with CCSA. The median time to wound closure was 15.1 weeks with BLCC versus 31.3 with CCSA weeks-a 16.2 week difference. The greater proportion of patients achieving VLU closure also support a cost savings benefit with BLCC versus CCSA. There are several limitations to this retrospective study. The use of EMR databases to collect data may introduce some reporting differences between or within centers. Information made available from all participating centers may not reflect uniform standards of patient assessments and standardization of general wound care practices. Completion of baseline demographic information fields such as medical history, prior surgical interventions, or concomitant medications may vary across wound care facilities. Specific information regarding the types of dressings other than the primary wound contact materials may not be entered into EMR wound databases. Brands of compression therapy products in this study were often recorded in ''free text'' fields making analyses of these data problematic. Also, the reporting of safety-related outcomes, adverse events, or ulcer recurrence was difficult as this information was not uniformly coded or captured. Finally, as with all retrospective studies, the possibility of selection bias may exist with imbalances between groups in risk factors resulting. However, given the number of wounds and centers providing information for the analyses, it is less likely that a uniform bias was present affecting study results. In addition, statistical analyses are reported in this study that adjusted for significant, potential risk factors known to affect wound healing.
In general, comparative effectiveness research (CER) studies are best used to accurately report effectiveness of specific treatments in one defined patient population. Subgroup analyses become problematic for a variety of reasons that may include smaller sample sizes, incomplete reporting, and missing data. Importantly, clinical interpretations of subgroup analyses in CER should be viewed with caution given potentially confounding variables not accounted for in the databases studied. RCTs typically control for or eliminate key, potentially confounding variables. This CER determined wound outcomes under whatever real-world conditions BLCC and CCSA were used at the 177 participating centers. Statistically and clinically meaningful conclusions for many important questions such as the effects of potential immune responses to CCSA, multiple applications of study treatments, interval of time between use of study treatments, and adjunctive therapies, including HBO and NPWT, are best evaluated in well-controlled RCTs.
In conclusion, this real-world comparative effectiveness study demonstrates that treatment with BLCC significantly improves the incidence and decreases the time to wound closure compared with CCSA. These results are similar to and further support the efficacy data from the pivotal RCT for BLCC in the treatment of VLUs.
INNOVATION
This is the first real-world comparative effectiveness analysis to evaluate BLCC and CCSA for the treatment of VLUs. Data were obtained from a wound care-specific EMR database (WoundExpert; Net Health) that is utilized by *90% of wound care facilities across the United States and which allowed for the inclusion of a large patient population. Our data show a significantly greater rate and speed of wound closure with BLCC compared with CCSA. This finding has both clinical and economic implications.
